The phosphodiesterase (PDE) family is a group of enzymes that catalyzes the transformation of cyclic nucleotides into 5 0 nucleotides. Based on rodents, the current mammalian model of PDE distribution in the ovarian follicle predicts Pde3a in the oocyte and Pde4d in the somatic cells. Using bovine as an experimental model, the present results showed that PDE3 was the predominant PDE activity in oocytes. However, cumulus cell cAMP-PDE activity was predominantly resistant to inhibition by 3-isobutyl-methylxantine, indicating PDE8 activity (60% of total PDE activity) and a minor role for PDE4 (,5%). A total of 20% of total oocyte PDE activity was also attributed to PDE8. The PDE activity measurements in mural granulosa cells from 2 to 6 mm in diameter suggest the presence of PDE4 and PDE8. In granulosa cells from follicles .10 mm, total PDE and PDE8 activities along with PDE8A protein level were increased compared with smaller follicles. The RT-PCR experiments showed that cumulus cells expressed PDE8A, PDE8B, and PDE10A. Western blot experiments showed PDE8A, PDE8B, and PDE4D proteins in mural granulosa cells and cumulusoocyte complexes. PDE8 inhibition using dipyridamole in a dosedependent manner increased cAMP levels in the cumulus-oocyte complexes and delayed oocyte nuclear maturation. These results are the first to demonstrate the functional presence of PDE8 in the mammalian ovarian follicle. This challenges the recently described cell-specific expression of cAMP-PDEs in the ovarian follicle and the notion that PDE4 is the predominant granulosa/ cumulus cell PDE. These findings have implications for our understanding of hormonal regulation of folliculogenesis and the potential application of PDE inhibitors as novel contraceptives.
INTRODUCTION
Cyclic AMP is synthesized by the members of the adenylyl cyclase (ADCY) gene family and degraded to its inactive analogue 5 0 -AMP by phosphodiesterases (PDEs). Ten ADCY genes have been found in the human genome: nine membrane bound and one soluble. The 23 PDE genes are grouped as 11 families according to various proprieties, such as homology, substrate specificity, and activity regulation [1] . Tsafriri et al. [2] have reported that the cellular localization of Pde3a is restricted to the oocyte, whereas Pde4d is detected in the granulosa/cumulus cell compartment in the rat ovary [2] . They have further demonstrated that the specific inhibition of the PDE3 family members could prevent spontaneous in vitro oocyte meiotic resumption to the same extent as a nonspecific PDE inhibitor, whereas specific inhibition of PDE4 did not [2] . Genetic disruption of Pde3a and Pde4d in mice have led to female infertility and impaired fertility, respectively, and have further shown the paramount importance of these two PDEs in ovarian physiology [3, 4] . These studies in rodents have allowed the establishment of a model of cell-specific expression of PDEs in the ovarian follicle, in which Pde3a is the major oocyte PDE and Pde4d the major granulosa cell PDE [5] .
Mammalian oocytes initiate meiosis during fetal life but remain arrested at the diplotene stage of the first meiotic prophase until triggered to resume by the ovulatory luteinizing hormone pulse. We know from previous studies that high levels of 3 0 5 0 -cAMP maintain oocytes in meiotic arrest by activating cAMP-dependant protein kinase, which prevents activation of maturation-promoting factor (MPF), a heterodimer of both cyclin B (CCNB) and cell division cycle 2 (CDC2, previously known as CDK1) [6] . Bovine oocytes, like all mammalian oocytes, resume meiosis spontaneously after retrieval from the ovarian follicular environment [7, 8] . This premature nuclear maturation compromises oocyte developmental capacity compared with in vivo counterparts [9] [10] [11] . Attempts to delay bovine oocyte nuclear maturation by modulating specific PDEs delay the rupture of gap-junctional communication between the oocyte and surrounding cumulus cells and improve the rate and quality of subsequent blastocyst development [12, 13] .
In mouse, rat, and pig, both broad-spectrum PDE inhibitors and PDE3-specific inhibitors can reversibly hold oocytes in meiotic arrest in vitro [2, 14, 15] . In contrast, these inhibitors are only partially effective at preventing bovine oocyte meiotic resumption [8, [16] [17] [18] . Human oocytes recovered from unstimulated ovaries are only partially maintained in meiotic arrest by the PDE3 inhibitor cilostamide, either alone or in combination with the adenylyl cyclase activator forskolin, which suggests that mechanisms modulating cAMP in human oocytes may be more like those in bovine oocytes than those in mouse [19] . The reason for this species-specific difference is unknown. Moreover, the mechanism by which bovine and human oocytes are only transiently affected by PDE inhibitors remains to be determined. However, it is worth noting that translation inhibitors maintain nearly 100% of oocytes arrested for 24 h, suggesting that this mechanism is upstream of CCNB translation and MPF activation [20, 21] .
The current PDE distribution model in the ovarian follicle is based mainly on observations in rodents. This study was designed to characterize the PDE distribution in bovine ovarian cell types to better understand the underlying cellular management of gonadotropin endocrine cues. Our results provide evidence of a new PDE expressed in the bovine ovarian follicle that might pave the way for novel contraceptives or gonadotropin sensitizers.
MATERIALS AND METHODS

Chemicals
Unless otherwise noted, all chemicals were bought from Sigma Chemical Co. (St. Louis, MO). All pharmacological inhibitors were stored in aliquots at À208C until use.
Tissue Recovery and Culture
Bovine ovaries were recovered from a local slaughterhouse and kept in 0.9% (w/v) NaCl solution with antibiotic and antimycotic agents at 378C. Cumulusoocyte complexes (COCs) and mural granulosa cells were recovered from 3-to 6-mm antral follicles (unless otherwise noted) using an 18-gauge needle attached to a 10-ml syringe. The COCs were kept in follicular fluid and selected for compact cumulus cells and a homogeneous oocyte cytoplasm. Mural granulosa cells were recovered from the ovaries similarly and were washed with H-TCM (15 mM Hepes-buffered tissue culture medium 199) supplemented with 100 IU/ml penicillin, 100 lg/ml streptomycin sulfate, and 0.03% (w/v) polyvinyl alcohol. The COCs were washed three times in H-TCM and were cultured in four-well multidishes in 500 ll of synthetic oviduct fluid medium [22] with 0.8% (w/v) bovine serum albumin (BSA fraction V), modified Eagle medium (MEM) nonessential amino acids (Gibco BRL, Burlington, ON, Canada), MEM essential amino acids (Gibco), 0.33 mM pyruvate, 50 lg/ml gentamicin, 1 mM glutamine, and 0.1 lg/ml recombinant human folliclestimulating hormone (FSH; Gonal F; Serono, Mississauga, ON, Canada).
PDE Inhibitors
3-Isobutyl-methylxanthine (IBMX) is used as a broad-spectrum PDE inhibitor. It inhibits all PDE families, with the important exception of PDE8 and PDE9 (Table 1 ) [1] . Hence, IBMX-sensitive cAMP-PDE activity indicates the combined activities of PDE1, PDE2, PDE3, PDE4, PDE7, PDE10, and PDE11, whereas IBMX-insensitive cAMP-PDE activity reflects PDE8 activity [23] [24] [25] . IBMX-sensitive PDE5 and PDE6 and IBMX-insensitive PDE9 activities are absent from these groups because they specifically cleave cGMP [23] and then are not detected in the cAMP-PDE assay. Cilostamide (10 lM) and rolipram (10 lM) were used as specific PDE3 and PDE4 inhibitors, respectively, as described previously (Table 1) [26] [27] [28] . Dipyridamole was used as a moderately specific PDE8 inhibitor, with a reported half-maximal inhibitory concentration (IC 50 ) of 4.5-9 lM for the PDE8 family (Table 1) [24, 29] . This is the best PDE8 inhibitor currently commercially available. Dipyridamole can also inhibit PDE7 (IC 50 , 9-42 lM) [30, 31] , PDE10 (IC 50 , 1.2 lM) [32] , and PDE11 (IC 50 , 0.82 lM) [30, 33] (Table 1) . Dipyridamole was used at 10 lM (dose entirely inhibiting PDE10 and PDE11), 50 lM (dose additionally inhibiting PDE7 and PDE8), and 250 lM, where its significance is further addressed in Discussion.
PDE Activity Measurement
The cAMP degradation assay was conducted according a method described previously [34] . Tissues were homogenized by freezing-thawing cycles in an hypotonic buffer (20 mM Tris-HCl, pH 7.4; 1 mM ethylene diaminetetraacetic acid; 0.2 mM ethylene glycol tetraacetic acid; 50 mM sodium fluoride; 50 mM benzamidine; 10 mM sodium pyrophosphate; 4 lg/ml aprotinin; 0.7 lg/ml pepstatin; 10 lg/ml soybean trypsin inhibitor; 0.5 lg/ml leupeptin, 2 mM PMSF; and 0.5% [v/v] Triton X-100). The homogenate was centrifuged for 20 min at 13 000 3 g to obtain the supernatant. The enzymatic activity was assessed using 1 lM cAMP as substrate, as described in previous studies [35] . Samples equivalent to 10 COCs or denuded oocytes per assay tube were used throughout the study. The sample volume was adjusted to 200 ll with Tris-BSA solution (40 mM Tris-HCl, pH 8.0; 10 mM MgCl 2 ; 5 mM 2-mercaptoethanol; 0.75 mg/ml BSA fraction V; 1 lM cold cAMP; and 15 nM [ 3 H]cAMP (1 3 10 5 cpm/tube and 30 Ci/mmol)) (GE Healthcare, Baie d'Urfe, QC, Canada). Reactions were incubated at 348C for 15 min and boiled for 1 min. They were then treated with an excess of crotalus atrox venom (5 0 -nucleotidase; 50 ll, 1 mg/ml) and incubated for 20 min at 348C. Adenosine was then separated from intact cAMP by anion-exchange chromatography followed by liquid scintillation quantification. Each measurement was done in triplicate within a single assay to account for intraassay variation. The experiment was performed independently at least three times. 
416
RNA Extraction and RT-PCR
RNA extractions were performed with the RNeasy Mini Kit from Qiagen (Doncaster, Australia) according to the manufacturer's protocol. RNA samples were eluted in 15 ll of elution buffer, followed by reverse transcription using the OmniScript RT Kit from Qiagen and poly(dT) from Ambion (Austin, TX). The primer pairs were designed according to bovine b-actin (ACTB; AY141970.1), porcine PDE3A (AY188088.1), bovine PDE8A (XM_583282), human PDE8B (NM003719.1), human PDE10A (NM006661.1), and human PDE11A (NM016953.2) gene sequences in GenBank and were designed in evolutionarily conserved regions by comparison with available rodent sequences. Primer sequences and expected PCR product sizes are shown in Table 2 . Primers were purchased from GeneWork (Adelaide, Australia). The PCR reactions were carried out in a 50-ll reaction volume using HotStart Taq polymerase from Qiagen. Cycling conditions for all amplification reactions were as follows: 15 min at 958C; 40 cycles of 1 min at 948C, 1 min at 588C, and 1 min at 728C; and 10 min at 728C. Positive controls were performed in parallel using mouse mammary gland (ACTB, PDE8B, PDE10A, and PDE11A) or bovine ovary cDNA (PDE3A and PDE8A) as the template. Additional amplifications were performed using ACTB primers on an equivalent amounts of RNA to detect effects due to residual contamination with genomic DNA. Amplifications were visualized by 1% agarose gel electrophoresis and ethidium bromide staining. The PCR products were purified using a gel-purification kit (Qiagen), and they were sequenced to confirm their identity. PDE3A, PDE8A, PDE8B, PDE10A, and PDE11A PCR product sequences were, respectively, 100%, 100%, 99.4%, 99.5%, and 100% homologous to bovine predicted mRNA sequences (PDE3A
Western Blotting
Protein samples were prepared using the same hypotonic buffer described above. Protein samples were loaded on a 10% SDS-polyacrylamide gel for electrophoresis. Proteins were transferred to a Hybond-P membrane (GE Healthcare) using a Mini Protean 3 Cell apparatus (Bio-Rad Laboratories, Mississauga, ON, Canada). Membranes were blocked with TBS containing 0.1% (v/v) Tween-20 and 5% (w/v) nonfat dry milk. Membranes were blotted with the primary antibody PDE8A (diluted 1:500; FabGennix International Inc., Frisco, TX) at room temperature for 2 h, after which the membranes were exposed to goat anti-rabbit peroxidase-conjugated secondary antibody (diluted 1:40 000; Jackson Immunoresearch Laboratories Inc., Bar Harbor, ME). PDE8B detection was performed using a PDE8B antibody (diluted 1:700; FabGennix International), followed by detection with a goat anti-rabbit peroxidase-conjugated secondary antibody (diluted 1:30 000; Jackson Immunoresearch Laboratories). PDE4D detection was performed using a PDE4D antibody (diluted 1:200; Santa Cruz Biotechnologies, Santa Cruz, CA), followed by detection with a rabbit anti-goat peroxidase-conjugated secondary antibody (diluted 1:30 000; Jackson Immunoresearch Laboratories). PDE10A detection was performed using a PDE10A antibody (diluted 1:700; Abcam, Cambridge, MA), followed by detection with a goat anti-rabbit peroxidaseconjugated secondary antibody (diluted 1:30 000; Jackson Immunoresearch Laboratories). For a-tubulin detection, a primary anti-a-tubulin antibody (Upstate, Charlottesville, VA) was diluted 1:50 000 in TBS with 0.1% Tween-20. Membranes were blotted with a horseradish peroxidase-conjugated goat anti-mouse (diluted 1:20 000; Upstate). Binding was detected using the ECL Plus kit (GE Healthcare) and exposed on autoradiographic films (GE Healthcare).
cAMP Quantification
Quantification of cAMP quantification was performed by radioimmunoassay using a validated method [36] . After 4 h of in vitro maturation (IVM), 10 COCs were collected, washed twice with H-TCM with 2 mM IBMX, put in 500 ll of ethanol, and frozen in liquid nitrogen. Before cAMP quantification, samples were vortexed for 30 sec and centrifuged at 3000 3 g for 20 min at 48C. Supernatant was evaporated, resuspended in assay buffer (50 mM sodium acetate, pH 5.5), acetylated using triethanolamine and acetic anhydride (2:1), and assayed. [ 125 I]-cAMP and cAMP antibody were added, and the reaction was incubated overnight at 48C. The next morning, 1 ml of cold ethanol was added to the tubes, and they were centrifuged for 20 min at 3000 3 g. The supernatants were discarded, and the pellets were counted in a gamma counter. Samples were done in duplicate and compared to a standard curve of known cAMP concentrations (0-1024 fmol cAMP).
Oocyte Nuclear Maturation Assessment
Oocyte nuclear status was assessed by aceto-orcein staining as described previously [34] . Oocyte nuclear status was classified as 1) germinal vesicle (GV) stage if a GV could be observed; 2) MI stage if no GV could be seen and chromatin was either compacted or in a typical chessboard fashion; and 3) MII stage if the oocyte was displaying a chromatin configuration indicative of anaphase I, telophase I, or metaphase II.
In Vitro Fertilization and Embryo Culture
The COCs were recovered as described above. The basic medium for oocyte maturation was Bovine VitroMat (IVF Vet Solutions, Adelaide, Australia), a medium based on the ionic composition of bovine follicular fluid [37] . All IVM treatments were supplemented with 0.1 IU/ml FSH (Puregon; Organon, Oss, the Netherlands). Complexes were cultured in pre-equilibrated 300-ll drops overlaid with mineral oil and incubated at 38.58C with 6% CO 2 in humidified air for 24 or 30 h.
At specific IVM time intervals-namely, at either 24 or 30 h-COCs were removed from the control IVM wells or those containing dipyridamole, washed twice using Bovine VitroWash (IVF Vet Solutions), and transferred to insemination dishes containing Bovine VitroFert (IVF Vet Solutions) supplemented with penicillamine (0.2 mM), hypotaurine (0.1 mM), and heparin (2 mg/ml). Frozen semen from a single bull of proven fertility (Semex, Guelph, ON, Canada) was used for inseminating all treated oocytes in all experiments. Briefly, thawed semen was layered over a discontinuous (45%:90%) Percoll gradient (Amersham Bioscience) and centrifuged at room temperature for 20-25 min at 700 3 g. The supernatant was removed, and the sperm pellet was washed with 500 ll of Bovine VitroWash and centrifuged for a further 5 min at 200 3 g. Spermatozoa were resuspended with Bovine VitroFert, then added to the fertilization media drops (Bovine VitroFert supplemented with 0.01 mM heparin, 0.2 mM penicillamine, and 0.1 mM hypotaurine) at a final concentration of 1 3 10 6 spermatozoa/ml. The COCs were inseminated at a density of 10 ll of in vitro fertilization medium per COC for 24 h, at 398C in 6% CO 2 in humidified air.
The cumulus cells were removed by gentle pipetting 23-24 h after insemination, and five presumptive zygotes were transferred into 20-ll drops of pre-equilibrated Bovine VitroCleave (IVF Vet Solutions) and cultured under mineral oil at 38.58C in 7% O 2 , 6% CO 2 , balance N 2 , for 5 days (Days 1-5). On Day 5, embryos were transferred in groups of five to six to 20-ll drops of preequilibrated Bovine VitroBlast (IVF Vet Solutions) at 38.58C and overlaid with mineral oil and were cultured to Day 8. Embryos were assessed for quality at 
Day 8 according to the definitions presented in the Manual of the International Embryo Transfer Society [38] and were performed independently and in a blinded fashion by an experienced bovine embryologist.
Statistical Analysis
Statistical analyses were conducted using Prism 5.00 GraphPad for Windows (GraphPad Software, San Diego, CA). Statistical significance was assessed by ANOVA, followed by either Dunnett (see Figures 6 and 7) or Bonferroni (see Figures 2, 3 , and 8) multiple-comparison post hoc tests to identify individual differences between means. Probabilities of P , 0.05 were considered statistically significant. All values are presented with their corresponding SEM.
RESULTS
cAMP-PDE in the Ovarian Follicle
The accepted distribution of PDE families in the mammalian ovarian follicle predicts PDE3A to be expressed in the oocyte and PDE4D in the mural granulosa cells [2, 5] . To validate this model in the bovine ovary, total cAMP-PDE activity was measured in COCs, cumulus cells, oocytes, and mural granulosa cells. This activity has been broken down into specific PDE family contributions by the use of family-specific inhibitors. The cAMP-PDE activity was inhibited with the broad-spectrum PDE inhibitor IBMX (1 mM), which inhibits all cAMP-PDE families except PDE8, as summarized in Table  1 [1] . By using cilostamide (PDE3 specific; 10 lM) and rolipram (PDE4 specific; 10 lM), the participation of these two important PDEs was measured in the ovarian follicle. The results of Figures 1-3 are summarized in Table 3 . The cAMP-PDE activity measured in COCs was 25 fmol of cAMP hydrolyzed per minute per COC, from which only 50% was inhibited by IBMX, which targets cAMP-PDE families 1, 2, 3, 4, 7, 10, and 11 ( Fig. 1A and Table 1 ). From this total activity, 26% was sensitive to cilostamide and 8% to rolipram, indicative of the presence of PDE3 and PDE4, respectively, in the COC (Fig. 1A) . This level is surprisingly low, considering that PDE4 is thought to be the ''granulosa/cumulus cell'' PDE [5] . Moreover, 50% of the total cAMP-PDE activity remained in the presence of IBMX, consistent with the presence of PDE8.
Measurements performed on denuded bovine oocytes indicated that 80% of the total cAMP-PDE activity was inhibited by cilostamide, a PDE3 family-specific inhibitor, suggesting that the PDE3 family is the predominant type of PDE in the oocyte (Fig. 1B) . There was also a significant level of PDE activity in the presence of IBMX in the oocyte, supporting the expression of a PDE8 family member (Fig. 1B) . Cumulus cell cAMP-PDE distribution revealed that only 35% of the activity was inhibited by IBMX, representing the contribution of PDE families 1, 2, 3, 4, 7, 10, and 11 (Fig. 1C) . From the total PDE activity, less than 15% was inhibited by cilostamide and only 4% by rolipram, indicating the activities of PDE3 and PDE4, respectively. Consistent with the results obtained in the COCs, more than 60% of total PDE activity present in the cumulus cells was resistant to IBMX inhibition, strongly suggesting the expression of a PDE8 (Fig. 1C) . These results support that PDE3 is the functionally predominant PDE in the oocyte, and PDE8 is the predominant family in cumulus cells.
To further understand cAMP modulation during oocyte meiotic resumption, PDE activities were measured in 1) COCs, 2) COC-cultured denuded oocytes, and 3) accompanying cumulus cells, after various time intervals around the time of oocyte meiotic resumption during IVM. Bovine COCs had significantly resumed meiosis after 8 h of IVM in our culture conditions (P , 0.001; Fig. 2A) . No significant changes in total PDE activity and PDE activity in the presence of IBMX (PDE8) were measured in COCs and cumulus cells in the first 9 h of IVM (Fig. 2, B and D) . Measurements of PDE activities revealed that total PDE activity and PDE activity inhibited by cilostamide (PDE3) were not significantly different within the oocyte of cultured COCs during meiotic resumption (Fig. 2C) . Other specific PDE family activities were measured in each sample and demonstrated that PDE activity in the presence of IBMX (PDE8) and PDE activities inhibited by cilostamide (PDE3) or inhibited by rolipram (PDE4) did not vary significantly during the first hours of IVM (Supplemental Fig. S1 , available at www.biolreprod.org). These results suggest that cAMP-PDE activities are stable during meiotic resumption of the bovine COC. Figure 3 shows the cAMP-PDE activity present in mural granulosa cells from follicles of 2-6 mm is 23 fmol of cAMP hydrolyzed per minute per microgram of protein. From this activity, more than 75% was inhibited by IBMX, whereas 25% was inhibited by cilostamide and 25% by rolipram. Interestingly, approximately 25% of the activity was measured in the presence of IBMX, indicating the presence of PDE8 (Fig. 3) . By comparison, cAMP-PDE activity in mural granulosa cells from follicles larger than 10 mm was 63 fmol of cAMP The results are presented as total cAMP-PDE activity and as cAMP-PDE activity inhibited by IBMX at 1 mM, inhibited by cilostamide at 10 lM, and inhibited by rolipram at 10 lM. The data presented are the mean 6 SEM of at least four replicates.
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hydrolyzed per minute per microgram of protein, which is 2.7-fold higher than small-follicle granulosa cells (P , 0.001). From this activity, less than 10% was inhibited by cilostamide (PDE3) and 20% by rolipram (PDE4). PDE activity measured in presence of IBMX was also increased significantly in largefollicle granulosa cells (P , 0.001) and represented 45% of the total activity (Fig. 3) . These results suggest that bovine mural granulosa cells have measurable PDE3, PDE4, and PDE8 activities, and that PDE8 is increased in granulosa cells from follicles larger than 10 mm compared with granulosa cells from 2-to 6-mm follicles (Table 3) .
To provide further evidence for the presence of various PDE activities in the ovarian follicle implicated above, the presence of transcripts of PDE3A, PDE8A, and PDE8B, as well as the recently discovered PDE10A and PDE11A [30, 39] , were assessed by RT-PCR and immunoblotting in oocytes, cumulus cells, and mural granulosa cells. Figure 4 shows that the expression of PDE3A and PDE8A transcripts was detected in the oocyte (Fig. 4, top two blots) . This result is consistent with the PDE3 and PDE8 activities measured in Figure 1B . The transcripts of PDE8A, PDE8B, and PDE10A were detected in cumulus cells (Fig. 4 , second, third, and fourth blots), which correlates well with the large proportion of total PDE activity attributed to PDE8 (IBMX insensitive; Fig. 1C ). Expression of PDE8A and PDE8B was also detected in mural granulosa cells (Fig. 4 , second and third blots), in agreement with the IBMXinsensitive PDE activity measured in small-follicle granulosa cells (Fig. 3) . PDE11A was not detected in any compartment of the ovarian follicle (Fig. 4) . These results indicate that the bovine oocyte expresses PDE3A and PDE8A. Cumulus cells express PDE8A, PDE8B, and PDE10A, and mural granulosa cells express PDE8A.
Western blot experiments were conducted to characterize the expression profile of PDE proteins in the bovine ovarian follicle. Figure 5 shows that an immunoreactive band for PDE8A at the expected size of 100 kDa could be detected in mouse ovary and bovine testis positive controls, as well as in small-follicle granulosa cells and in COCs (Fig. 5A, top blot) . PDE8B immunodetection also revealed immunoreactive bands at 89 kDa in rat brain, mouse ovary, bovine testis, granulosa cells from small follicles, and COCs (Fig. 5A, second blot) . PDE10A was detected only in rat brain positive control at the expected size of about 95 kDa (Fig. 5A, third blot) . Two immunoreactive PDE4D bands (75 kDa and 90 kDa) were detected in positive controls. However, only the 90-kDa immunoreactive band was detected in mural granulosa cells and COCs (Fig. 5A, fourth blot) . Detection of a-tubulin was performed as a loading control (Fig. 5A, fifth blot) . Figure 5B shows that PDE8A:a-tubulin ratio is 65% higher in granulosa cells from large follicles compared with that from 2-to 6-mm follicles. These results show that PDE8A, PDE8B, and PDE4D were detected in granulosa cells from small follicles, and that PDE8A is increased in large follicles, which fully agrees with the PDE activity measurements in Figure 3 and RT-PCR experiments (Fig. 4) . The COC was shown to express PDE4D, PDE8A, and PDE8B, which is in agreement with the PDE Figure 1A . Overall, this set of results (Figs. 1-5) shows that 1) bovine oocytes have a high level of PDE3A and lower level of PDE8A; 2) cumulus cells have a high level of PDE8A and/or PDE8B and lower levels of PDE4D and PDE10A; and 3) that the functional activity of PDE in granulosa cells undergoes a developmental change during the course of follicular growth.
PDE8 IN THE BOVINE OVARIAN FOLLICLE activity measurements in
The Role of PDE8 on cAMP Degradation in the COC As described above, cAMP-PDE activity measured in presence of IBMX refers to the PDE8 family ( Table 1 ). The only known and commercially available inhibitor for the PDE8 family with an IC 50 in the micromolar range is dipyridamole [24, 29] . To assess the potential role of PDE4 and PDE8 in the management of ovarian follicle cAMP, COCs were treated for 4 h with forskolin (100 lM), an adenylyl cyclase stimulator, in combination with various doses of rolipram (10 and 100 lM) or dipyridamole (10, 50, and 250 lM). Figure 6 shows that forskolin treatment significantly increased cAMP in the COCs after 4 h of IVM. PDE4 inhibition using rolipram was unable to further increase its cAMP content, whereas inhibition using dipyridamole at a concentration of 50 lM or higher led to a significant increase in cAMP in the COCs (Fig. 6 ). This further supports the notion that PDE8 is an important functional regulator of the intracellular content of cAMP in the COC and is more efficient than PDE4.
The Effect of PDE8 Inhibition on Oocyte Meiotic Maturation
It has been demonstrated that high levels of cAMP delay bovine oocyte meiotic maturation, and cumulus cells are major contributors to ooplasmic cAMP via intercellular gap-junctional communication [8, 40] . To verify the capacity of dipyridamole to delay cumulus-enclosed oocyte nuclear maturation, COCs were either cultured for 16 h alone, treated with forskolin, or treated with various PDE inhibitors. Figure  7A shows that 87% of control oocytes reached the metaphase II stage by 16 h. Increasing concentrations of dipyridamole did not significantly affect the proportion of oocytes reaching metaphase II (Fig. 7A) . However, only 42% of forskolintreated COCs progressed to the metaphase II stage (Fig. 7B) . Interestingly, PDE4 inhibition in addition to forskolin had no further effect on meiotic maturation, whereas COCs treated 420 with forskolin and a dipyridamole concentration of 50 lM or higher significantly impaired meiosis compared with forskolintreated controls (10% vs. 42%; P , 0.05). This experiment further demonstrates the physiological contribution of PDE8, in contrast to PDE4, on modulating a cAMP-regulated function of the COC.
The next experiment was designed to test whether dipyridamole could have an additive effect on IBMX-inhibited COC nuclear maturation. Because dipyridamole is targeting a PDE that IBMX cannot inhibit, its addition along with IBMX should delay GV breakdown even more than IBMX treatment alone. Our results in Figure 8 show that dipyridamole or IBMX treatment of COCs after 9 h of IVM led to a significant increase in GV-arrested oocytes and a decrease in oocytes at metaphase I (Fig. 8A) . After 18 h, IBMX significantly increased metaphase I and decreased metaphase II percentages (Fig.  8B) . No additive effect of dipyridamole on IBMX-treated COCs was observed at those two time points.
Thomas et al. [12] have demonstrated that PDE3 or PDE4 inhibition during oocyte maturation improved developmental potential of the oocyte, as shown by increased subsequent blastocyst yield. The present study has identified that PDE8 is also an important functional PDE in cumulus cells and in the oocyte. To elucidate a possible role for PDE8 in oocyte developmental competence, COCs were treated with or without 50 lM dipyridamole for 24 or 30 h of FSH-stimulated IVM, and they were subsequently subjected to in vitro fertilization and embryo development. First, the meiotic status of oocytes was assessed to evaluate the effect of dipyridamole on the kinetics of oocyte maturation. Figure 9 shows that COCs treated with dipyridamole had higher GV-arrested (P , 0.001) and lower metaphase I percentages (P , 0.01) after 9 h of IVM (Fig. 9, A and B) . This effect of dipyridamole is carried on to later stages of oocyte maturation, as shown by dipyridamole's significant delaying effect on oocyte metaphase II percentage (P , 0.01; Fig. 9C ). After collection, COCs were cultured in control conditions or in presence of dipyridamole (50 lM). After IVM, they were subjected to in vitro fertilization and embryo development. The results in Figure 10A show that dipyridamole treatment significantly decreased the cleavage rate of oocytes fertilized after 30 h of IVM. Figure 10B shows a decreased blastocyst formation rate after dipyridamole treatment for 30 h of IVM compared with the untreated controls (24.3% vs. 56%; P , 0.01). These results suggest that although PDE8 is the predominant PDE family in cumulus cells, its 
DISCUSSION
The present study has investigated the distribution and role of the various PDE families present in the bovine ovarian follicle. Our results have shown that 1) PDE3A is the predominant PDE family expressed and functional in the oocyte; 2) two PDEs not inhibited by IBMX-PDE8A and PDE8B-are the predominant PDEs expressed in the cumulus cells, along with low levels of PDE4D; and 3) that mural granulosa cells express mainly PDE4D, PDE8A, and PDE8B, with changes in relative activities during follicular growth (Table 3) . Inhibiting the activities of the novel ovarian PDEs-PDE8 and PDE10-in cumulus cells by using dipyridamole increased cAMP levels in the COCs and delayed oocyte nuclear maturation. Together, these results give a new perspective on the accepted distribution of PDE families in the ovarian follicle and open the door to new avenues of hormonal and pharmacological manipulation of follicle growth and ovulation [41] .
The current study provides the first demonstration of a functional role for PDE8A and PDE8B in the mammalian ovary. Measurements of cumulus cell PDE activity revealed that surprisingly little (,5%) was inhibited by rolipram (PDE4), and 60% was not inhibited by IBMX (Table 3) . PDE8 is the only cAMP-PDE that cannot be inhibited by IBMX (Table 1) . Therefore, any PDE activity measured in the presence of IBMX can only be attributed to PDE8A and/or PDE8B activity [24, 29] . This PDE activity, resistant to IBMX inhibition in cumulus and granulosa cells, is the first evidence of the presence of PDE8 activity in the ovary, and it challenges the notion that PDE4 is the major granulosa cell PDE [5, 42] . This conclusion is further supported by the detection of PDE8A and PDE8B by RT-PCR and Western blotting. A previous study showed that subcutaneous injection of PDE4 inhibitors alone or in combination with low doses of human chorionic gonadotropin could induce ovulation in rats [41] . This study provided an interesting approach to decrease the hormonal doses required for superovulation protocols. However, PDE4 inhibitors are of very limited selectivity over the four genes of the family, and PDE4 is widely expressed throughout the body, which raises the likelihood of treatment side effects [23] . The present study is reporting PDE8 activity in ovarian follicular somatic cells and offers a novel target for pharmaceutical modulation of gonadotropin stimulation. Although its expression was highest in testis and liver, PDE8A 422 was shown to be expressed in human [29] and mouse ovary by Northern blotting [24] . The highest level of PDE8B was observed in the thyroid gland and also in rat ovary [43] and, at low levels, in human ovary [44] . This restricted expression pattern could potentially allow PDE8 inhibition to be used to increase gonadotropin sensitivity of the ovary while limiting side effects to other organs.
Among all of the PDE inhibitors available, only dipyridamole has been shown to inhibit PDE8, with an IC 50 ranging from 4 to 9 lM [24, 29] . Previous studies have used dipyridamole at 100 lM to suggest the presence of PDE8 in kidney and leukocytes [45, 46] . Here, dipyridamole at 50 lM increased COC cAMP and delayed oocyte maturation (Figs. 3 and 4) , and this can likely be attributed to inhibition of cumulus cell PDE8 and PDE10. From the group of four PDEs inhibited by dipyridamole (PDEs 7, 8, 10, and 11; Table 3 ), only PDE8 and PDE10 are present in cumulus cells (present study), whereas only a weak signal for PDE7 was detected in mouse ovary [31] , and PDE11 was not detected (present study). Furthermore, PDE7 and PDE10 are likely to contribute a minor role, because the combined activities of PDE1, PDE2, PDE7, PDE10, and PDE11 represented only 20% of total cumulus cell PDE activity (Table 3) . Hence, the effect of dipyridamole on COC functions is likely to be principally due to inhibition specifically of PDE8. The explanation for the lack of additive effect of the combination of IBMX and dipyridamole on oocyte nuclear maturation (Fig. 8) remains to be determined. However, these data provide various lines of evidence that PDE8 is a critical PDE for cAMP management in the ovarian follicle.
The PDE3 activity present in the oocyte reported in the present study is supported by previously published literature showing that PDE3 inhibition increased cAMP in the bovine oocyte and delayed oocyte meiotic resumption and progression [8, 47, 48] . It also is similar to findings in the rat and pig, where PDE3 activity was measured and found to be the predominant cAMP-degradation enzyme in the oocyte [34, 49] . Interestingly, although the total cAMP-PDE activity in COCs is different, the total cAMP-PDE activity in the oocyte is similar for the three species (;3 fmol/min per oocyte) [34, 49] . The presence in the oocyte of an IBMX-resistant PDE8 activity, as reported here, has not been investigated previously in any other species. Two studies have shown that intraperitoneal or subcutaneous injection of PDE3 inhibitors in mice and oral administration of a PDE3 inhibitor in Rhesus macaque prevented in vivo oocyte maturation [50, 51] . The present results show that PDE8 inhibition prevents oocyte maturation in vitro. PDE8-specific inhibition could be considered as an alternative to PDE3 for contraception, because PDE3 inhibitors have significant negative side effects, including tachycardia, which has held back its clinical applicability [50] .
PDE8s and PDE3s have similar affinities for cAMP (K m , 0.04-0.06 lM vs. 0.02-0.15 lM, respectively) [23] , suggesting that PDE8 expression in bovine oocytes would not change cAMP-degradation kinetics compared with other species where PDE3 alone is in the oocyte. However, PDE8s have approximately a 100-fold higher affinity for cAMP than PDE4s (K m , 0.04-0.06 lM vs. 1.2-5.9 lM, respectively) [23] , meaning that the presence of PDE8 in bovine cumulus cells could lead to a different cAMP basal level and cAMP management upon stimulation and could contribute to the rapid spontaneous meiotic resumption discussed above. It has to be kept in mind that the relatively high K m of PDE4 for cAMP may lead to a certain underestimation of PDE4 levels, because these experiments were conducted using 1 lM cAMP as a substrate in the PDE assay, a concentration at which PDE4 activity might not be maximal. However, this method has been used widely for PDE activity assessment, often to study PDE4 specifically [52] [53] [54] . It is worth noting that the level of cAMP-PDE activity measured in the bovine COC before IVM (25 fmol cAMP min À1 COC À1 ) is about 2-fold higher than in a porcine COC (12 fmol cAMP min À1 COC À1 ) [26] . Interestingly, porcine cumulus cells upregulate PDE3A, a low-K m cAMP-PDE, in response to gonadotropin stimulation [26] . The physiological significance of this fact remains to be elucidated, but it appears that cumulus cells tend to acquire PDE subtypes that allow them to maintain a low basal cAMP level.
The present results have shown that dipyridamole treatment increases cAMP and delays oocyte maturation, but it does not improve oocyte developmental capacity. Thomas et al. [12] have shown that PDE3-specific or PDE4-specific inhibition of FSH-treated bovine COCs significantly increased blastocyst development rate and cell number compared with FSH-treated COCs [12] . These results suggest that subtle PDE4 inhibition (,5% of total PDE activity in the cumulus), rather than broad inhibition using IBMX or more specific inhibition using dipyridamole, is a better way to improve oocyte quality. It is important to keep in mind that dipyridamole is not only acting on PDE8 but also on PDE10, both of which are present in cumulus cells. Although this result contradicts our initial hypothesis, it might be indicative of a more profound physiologic significance of PDE4 and PDE8. Inhibition of PDE8 might negatively affect essential cumulus cell functions, such as gap-junction communication, cell signaling, or supply of metabolites for oocyte or cumulus expansion. To dissect Oocytes were then submitted to in vitro fertilization and embryo development. Oocyte developmental capacity was assessed by the cleavage rate (A) and the blastocyst rate on Day 8 (B). The data represent the mean 6 SEM of three replicates. Statistical analysis was performed by ANOVA followed by Bonferroni post hoc test. *P , 0.05, **P , 0.01.
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these possibilities, the development of specific PDE8 inhibitors would be required.
In conclusion, this study is the first to characterize the presence of and describe a functional role for PDE8 in the mammalian ovary. Cumulus cells were shown to express significant amounts of PDE8A and PDE8B, as demonstrated by PDE assay, RT-PCR, and Western blot experiments. Granulosa cells from small follicles were shown to express PDE8A, PDE8B, and PDE4D, and to significantly alter the relative contribution of these PDEs during follicle growth. This suggests that granulosa cells display a distinct developmentally regulated PDE activity pattern during follicular growth. The oocyte was shown to express predominantly PDE3A but also PDE8A. PDE8 inhibition using dipyridamole increased COC cAMP and delayed oocyte nuclear maturation, although oocyte developmental capacity was not improved. This study highlights the need to carefully investigate the PDE expression pattern of follicular cell types in other species, especially primates. This is particularly relevant, given the ongoing interest in using specific PDE inhibitors as novel forms of nonsteroidal contraceptives [50, 51] , and that such an approach is based largely on a rodent ovarian model of PDE cell-specific expression.
